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Transcript proﬁleAcyl-CoA: diacylglycerol acyltransferase (DGAT) is a key enzyme responsible for triacylglycerol (TAG) synthesis
in eukaryotic organisms. The present work reported DGAT genes in the green algaMyrmecia incisa, a promising
candidate for arachidonic acid (ArA) production. According to the results of homology search against a
transcriptome database, we cloned three cDNAs encoding putative DGAT1 and DGAT2. The 2238-bp, 1056-bp
and 1068-bp of open reading frame (ORF) of these three cDNAs, designated as MiDGAT1, MiDGAT2A and
MiDGAT2B, were predicted to encode proteins composed of 745, 351 and 355 amino acids. They were separated
by 14, 6 and 6 introns, respectively, as revealed by comparing their corresponding cDNA and DNA sequences.
Multiple sequence alignment of amino acids indicated that MiDGAT1 had a pleckstrin homology (PH) domain,
whilst MiDGAT2s contained a highly conserved HPHG, a characteristic motif of DGAT2 family. To determine
the function, they were expressed heterologously in a Saccharomyces cerevisiae mutant strain with impaired
TAG metabolism. Results of thin-layer chromatography and BODIPY staining indicated that both MiDGAT1 and
MiDGAT2s were able to restore TAG synthesis and lipid body formation. GC-MS analysis indicated that palmitic
acid and stearic acid were the major components of TAGs in yeast cells, and their ratio between wild type and
the transformed yeasts was not signiﬁcantly different. Quantitative RT-PCR results showed that the transcript
level of MiDGAT2A was regulated by nitrogen starvation, which was consistent with TAG accumulation in
M. incisa.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Microalgae represent an outstanding natural source of biochemically
activemetabolites [1].These algae-derived products, such as polyunsatu-
rated fatty acids, have signiﬁcant potential for applications in numerous
industrial ﬁelds, and therefore have attracted much research and
commercial interest.
Myrmecia incisa Reisigl, a coccoid green alga belonging to Trebouxio-
phyceae, Chlorophyta [2], is known as an arachidonic acid (ArA)
producer. ArA is a polyunsaturated ω-6 fatty acid (20:4) that plays the
role of a lipid second messenger involved in the cellular signaling.
Besides, it also exhibits various physiological and nutritional functions
[3] and therefore has been classiﬁed as a value-added product derived
from microalgae. Under nitrogen starvation stress, the content of ArA
in M. incisa is up to 7% of the dry weight biomass [4], much higher), zgzhou@shou.edu.cn
. This is an open access article underthan other microorganisms. However, the exact mechanism of ArA ac-
cumulation inM. incisa remains unclear. According to Ouyang et al. [5],
76% of total ArA inM. incisa is deposited in the form of triacylglycerols
(TAGs), a class of neutral lipids.
TAGs are nonpolar so that they are stored in a nearly anhydrous
form, representing the major energy reservoir for eukaryotic cells [6].
Among various enzymes involved in the TAGbiosynthesis, diacylglycerol
acyltransferase (DGAT) is considered as the primary one in all organisms
studied so far [7]. DGAT (EC 2.3.1.20) is a rate-limiting enzyme that
catalyzes the ﬁnal step of de novo TAG biosynthesis in the Kennedy path-
way, and it participates in storage lipid accumulation in plants aswell [8].
Given that little is known about DGATs in algae, a better understanding
of DGAT in M. incisa will help to ﬁgure out the metabolic pathway of
TAGs, which may provide foundation for genetic manipulation of algae
giving rise to the improved ArA production. Currently there are three
families of DGATs identiﬁed in nature: DGAT1 and 2 are the main
enzymes responsible for TAG formation in plants, whereas DGAT3 has
only been reported in peanuts [9] whose exact function remains unclear.
In this study, DGAT1 and 2 inM. incisa will be investigated for the ﬁrst
time. Previously we conducted the transcriptome analysis of M. incisathe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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were obtained [5,10]. Based on those results, the present study aims to
identify the novel genes encoding DGAT1 and 2 inM. incisa and deter-
mine their function in the host system.Table 1
Oligonucleotides employed forMiDGAT cloning, heterologous expression and quantitative
RT-PCR.
Primer Nucleotide sequence from 5′ to 3′ Annealing temperature (°C)
cDNA cloning
DGAT2AF CGAGCTTGTTGACAGCCACGGCAGG 69
DGAT2AR GACCCCAACAACACAACCCTAA 65
DGAT2B-5-GSP1 AGGTCGCCTGTGAACTTGGGGATGT 68
DGAT2B-5-GSP2 ACGGTGACATGGCGCACAGGGTTGG 69.5
DGAT2B-3-GSP GTGCTTTGGTGAGAACGAGGTGATG 67
DGAT1-5-GSP1 GCCCACCACCAGCTCATGGAACACC 69.2
DGAT1-5-GSP2 TAGTCGTCGGTGGTCGTCGAGTTCC 68.5
DGAT1-5-GSP3 TAGTTTCAGCACGCGCTCGACCAG 67
DGAT1-5-GSP4 CATGATCCAGCGCATGCGGATG 65
DGAT1-3-GSP1 GGAACTCGACGACCACCGACGACTAC 68.5
DGAT1-3-GSP2 TGACCGCCATGCTGCTCGTCTTCTTC 68.72. Materials and methods
2.1. Myrmecia incisa strain and culture conditions
Myrmecia incisa Reisigl H4301, originally obtained from the Culture
Collection Algae of Charles University of Prague (CAPU), was the kind
gift from Prof. C.W. Zhang, Ji'nan University, China. This alga was culti-
vated in BG-11 medium in 800-mL glass ﬂasks, which were placed in
a temperature-regulated photoincubator at 25 °C and illuminated
from the side with a light: dark regime of 12 h:12 h by Phillips
(Amsterdam, Holland) cool-white ﬂuorescent tubes (36 W) at a light
irradiance of 115 μmol photons m−2 s−1 [11]. During the cultivation,
ﬂasks were shaken several times per day at a regular interval. Algal
cells were harvested at the late logarithmic growth phase by centrifuga-
tion at 5500 rpm for 10 min and washed three times with sterilized
distilled water. Algal samples were stored in liquid nitrogen for total
RNA and DNA extraction.
For the quantitative real-time PCR (q-RT-PCR) experiments, the col-
lected algal cells were further cultivated in fresh N-free BG-11medium:
the NaNO3 was removed from the media, and ferric ammonium citrate
was substituted with ferric citrate. After cultivation under nitrogen
starvation conditions for 96 h, the algal cellswere centrifuged and trans-
ferred to fresh complete BG-11 medium for nitrogen replenishment:
72 h for q-RT-PCR and 192 h for TAG content analysis. Approximately
10 mL of algal suspension was sampled for total RNA extraction every
24 h and 25 mL of algal suspension for fatty acid analysis every 4 d.DGAT1-3-GSP3 CGCCGACCATCTCCAACAGCCTG 67.3
DNA cloning
DGAT2A F: ATGCTACGCTGGTCGAGGGTCGAG 67.8
R: CTACTCGACCATGCGCAGCTCCTGCT
DGAT2B F: ATGGAGCTGGCCTCAGCGAAGAGCT 67
R: TCAAGCCCCGAGGATGACCAA
DGAT11 F: ATGTCGGGCATGTCTGGCAAAGA 65.84
R: CGGTTGCGGTATGAGGCATTGAGG
DGAT12 F: CCTCAATGCCTCATACCGCAACCG 66.77
R: GCCATCCGGTAGTCCTGGTTGCA
DGAT13 F: GTGGCTGACGCTCTGCTGGCTTTG 67.2
R: GCCCAGGATGTTGAGCCAGAGGT
DGAT14 F: GCCTGATGCTGTTCGTGGTGGAG 65.9
R: AGAAGACGACCCAGAAGATGATGTTGC
DGAT15 F: GCAGTGGGCACGCTTCTGGTCAA 68.05
R: TCACCGGTTGAGGACGCACCAGTCG
Heterologous expression in Saccharomyces cerevisiae
HE-DGAT2A F: aagcttAACATGCTACGCTGGTCGAGGGTCG1,2 70.14
R: gaattcCTACTCGACCATGCGCAGCTCCTGC1
HE-DGAT2B F: gaattcAAAATGGAGCTGGCCTCAGC1,2 65.45
R: tctagaTCAAGCCCCGAGGATGAC1
HE-DGAT1 F: ggatccATGTCGGGCATGTCTGGCAAAGACT 70.78
R: gaatccTCACCGGTTGAGGACGCACCAGTCG
HE-DGAT1-ΔPH3 F1:ggatccATGTCGGGCATGTCTGGCA 65.2
R1:gaattcTTCCTTGCCTTGACGCGAG
F2:gaattcCGCATCCTCAATGCCTCAT 63.6
R2:tctagaTCACCGGTTGAGGACGCAC
Quantitative RT-PCR
QRT-DGAT2A F: CTTTGGTGCTGGGTTCTGAC 60.02.2. Yeast strains, media and culture conditions
Saccharomyces cerevisiae strains used in this study include wild type
strain Scy62 and mutant one H1246, both of which were donated
by Prof. Sten Stymne, Swedish University of Agricultural Sciences,
Sweden. The quadruple mutant H1246 contains knockouts of dga1,
lro1, are1 and are2 genes and is defective in TAG synthesis. Before trans-
formation, S. cerevisiaewas grown in YPD medium containing 1% yeast
extract, 2% peptone and 2% glucose on a shaker (220 rpm) at 28 °C.
Prior to harvesting at late stationary phase (OD600 = 0.6–1.0), the cul-
ture was placed on ice for 15min. Cells were collected by centrifugation
at 5000 rpm for 5min. The resulting pellet waswashed three timeswith
ice-cold sterilized water and then suspended in ice-cold sorbitol to give
1 × 1010 cells mL−1. Aliquots of 0.1 mL of the cell suspension were
dispensed to 1.5 mL microcentrifuge tubes and then frozen at
−80 °C for storage [12]. For functional expression in S. cerevisiaemu-
tant strain, yeast cultures of transformants were grown in SC-U me-
dium containing 0.67% yeast nitrogen base without amino acids, 2%
glucose and appropriate amino acid contents according to the proto-
col (Invitrogen, Carlsbad, CA, USA). Cells were induced by
supplementing 2% (w/v) galactose and cultivated on a shaker
(220 rpm) for a further 72 h at 28 °C. The procedure of centrifugation
and storage was same as above.R: CGCCAGACTGTAAGCCTTTTG
QRT-DGAT2B F: GAGGTGATGACGACCGTGAA 60.0
R: CTGTGAACTTGGGGATGTCGA
QRT-DGAT1 F: TACGCGATGTGTTGAGCTCG 60.0
R: GCGTCCTTCTCCGTCTTGTA
β-actin F: CGTCCAGCTCCACGATTGAGAAGA 60.0
R: ATGGAGTTGAAGGCGGTCTCGT
1 Lower case letters: restriction sites.
2 Underlined letters: yeast consensus sequences.
3 DGAT1-ΔPH: DGAT1 with the pleckstrin homology (PH) domain deleted.2.3. Genomic DNA and RNA isolation
DNAwas extracted using a modiﬁed cetyltrimethylammonium bro-
mide (CTAB)method [13]. Total RNAwas extracted using TRIzol reagent
according to the manufacturer's instructions (Invitrogen). The concen-
tration of DNA and total RNA was determined spectrophotometrically
by the ratio of absorbance at 260 nm and 280 nm.2.4. Cloning and sequence analysis
Three putative DGATswere identiﬁed through searching against the
transcriptome database ofM. incise [5,10], and they were designated as
MiDGAT1,MiDGAT2A andMiDGAT2B, respectively. Complemental DNAs
(cDNA)were synthesized from the total RNAusing the PrimeScript™RT
Reagent Kit (TaKaRa, Dalian, China) following the manufacturer's
instruction. Based on the three putative DGAT sequences, the speciﬁc
primers (Table 1) were designed and then employed for rapid ampliﬁ-
cation of 5′ and 3'cDNA ends (RACE). RACE was performed using the
SMART RACE cDNA Ampliﬁcation Kit (Clontech, Mountain View,
CA,USA) as described by Yu et al. [14] with the synthesized cDNA as
the templet. Ampliﬁed products were resolved on a 1.0% low-melting-
point agarose gel for DNA recovery. The target product was puriﬁed
using a UNIQ-10 column DNA gel extraction kit (Sangon, Shanghai,
China) and ligated into a pMD19-T vector (TaKaRa, Dalian, China). The
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DH5α competent cells (Leihao, Shanghai, China), and positive clones
were screened and sent to Sangon (Shanghai, China) for sequencing.
Based on the cDNA sequences of three genes, their corresponding DNA
sequenceswere cloned using the primer pairs listed in Table 1. ORF Find-
er (http://www.ncbi.nlm.nih.gov/gorf/gorf.html)was used to predict the
coding region of DGAT genes. ProtParamon the Expasy Server (http://
web.expasy.org/protparam/) was used to calculate the isoelectric point
and molecular weight. Protein sequences of DGAT were obtained from
NCBI (http://www.ncbi.nlm.nih.gov/protein/?term=dgat), and phylo-
genetic trees were constructed using MEGA 6.0 program with
neighbor-joining (NJ) method [15]. Clustal X was used for homologous
sequences alignments with default parameter settings. Prediction of
key amino acid residues was carried out using the method described
by Stone et al. [16]. TMpred was used to predict transmembrane do-
mains, and endoplasmic reticulum (ER) retrieval motifs were predicted
online (http://elm.eu.org/).
2.5. Plasmid construction and transformation of yeast cells
The open reading frames of putative DGATs were cloned with gene-
speciﬁc primers containing the yeast consensus sequence and inserted
nucleotides appropriate for restriction (Table 1). The ampliﬁed cDNA
was ligated into the pMD19-T vector (Takara) and the corresponding
clones were veriﬁed by sequencing. The resulting PCR products were
digested and cloned into the corresponding sites of pYES2 vector
(Invitrogen) to generate the recombinant expression vectors pY-
MiDGATs. The resulting recombinant plasmids and an empty pYES2
vector as the negative control were separately introduced into the S.
cerevisiaemutant strain H1246 by electroporation (Bio-Rad Laborato-
ries, Hercules, CA, USA), and transformants were selected after the
culture on SC-U agar plates at 28 °C for 48–72 h.
2.6. Lipid extraction and thin layer chromatography (TLC) analysis
Total lipids were extracted according to the method of Blight and
Dyer [17]. For the lipids from yeast, approximately 50 mg of lyophilized
yeast cells, 1 mL of chloroform-methanol mixture (2:1, v:v) and
200–300 μL of glass beads (0.4–0.6mm)weremixed in a test tube. Sam-
ples were vortexed for 15 min and then centrifuged at 4000 rpm for
15min. The supernatantwas transferred into a new test tube containing
400 μL of citric acid (50 mM) and 600 μL of chloroform and then
centrifuged at 4000 rpm for 15 min. The lower phase was collected
and dried under nitrogen. For the lipids from algal cells, 3 mL preheated
isopropanol was added to 50 mg lyophilized algae before the total
lipid extraction was performed. 1.5 mL of chloroform and 0.6 of mL
water were mixed and used. After centrifugation, the residues were
suspended in 5 mL of chloroform/methanol/water (1:2:0.8, v:v:v)
followed by acutely vortexing. The lysed cells were centrifuged and
the residues were re-extracted twice. All the supernatant was mixed
and 1/2 volume water was added to get a biphasic system, which was
centrifuged to get the lower layer.
To separate TAGs, the samples were re-suspended in 30 μL of
chloroform and spotted on TLC Silica Gel 60 F254 plates (Merck,
Darmstadt, Germany) and developed with hexane/diethyl ether/acetic
acid (80:20:1, v:v:v). For the TAGs from yeast, the plates were dipped
into a solution containing 8% of phosphoric acid (v:v) and 10% of
CuSO4 ⋅5H2O (w:v) and subsequently dried at 140 °C for 10 min. For
the TAGs from algal cells, spots were visualized by the use of Primuline
solution [0.1% (w:v) Primuline in acetone-water (4:1, v:v)] [18].
2.7. Preparation of fatty acid methyl esters and GC-MS analysis
TheTAG-containing fractions fromboth yeast andalgal cells developed
as described above on PLC Silica Gel 60 F254 plates (Merck, Darmstadt,
Germany) were recovered from the silica gel plates under ultraviolet(254 nm), grinded and elutedwith hexane in a test tube. Fatty acidmethyl
esters (FAMEs) of the TAGand 10mg total lipids fromalgal cellswere pre-
pared by direct transmethylation with sulfuric acid in methanol [19,20].
About 1 mL of distilled water and 1 mL of hexane was added into the
tube, mixed by vortexing and then centrifuged at 5500 rpm for 5 min.
The supernatant was transferred into another tube, concentrated by bub-
bling nitrogen and stored at 4 °C for subsequent analyses.
Gas chromatography–mass spectrometry (GC-MS) analysis was
carried out using an Agilent 6890-5975b system consisting of a gas chro-
matograph and a mass selective detector (EMV mode, 70 eV) (Agilent
Technologies, Wilmington, DE, USA). The GC column was a fused silica
capillary column coated with HP-5MS (5% phenylmethylsiloxane,
30 m × 250 μm × 0.25 μm). The GC settings were as follows: the initial
oven temperature was held at 50 °C for 1 min and then heated to
150 °C at a rate of 10 °C min−1, held for 1 min, and then heated to
250 °C at a rate of 4 °C min−1 and held for 3 min. The injection volume
was 1 μL with a split ratio of 50:1. Helium was the carrier gas at a ﬂow
rate of 1mLmin−1. Fatty acids were identiﬁed based on the comparison
of theirmass spectrawith those stored inNIST 08MS libraries. Themolar
ration of TAGwas calculatedwith the formula as described byWang and
Benning [20]: (TAG)mol%=Σ [FAMEs (TAG)]/Σ [FAMEs (total)] ×100%.
2.8. BODIPY staining
BODIPY 505/515 (4,4-diﬂuro-1,3,5,7-tetramethyl-4-bora-3a, 4a-
diaza-s-indacene) was purchased from Genmed Scientiﬁcs Inc.
(Shanghai, China). It is a lipophilic bright green ﬂuorescent dye with a
high oil/water partition coefﬁcient, which allows it to easily cross cell
membranes and organelle membranes [21]. Approximately 1 mL of cul-
ture solutionwas centrifuged at 13,000 rpm for 30 s and the supernatant
was discarded. OnemL of buffer solution (reagent A) and 1 μL of staining
solution (reagent B) were added and mixed. After a 10 min-incubation
at the room temperature, 10 μL of sample was directly placed onto a
microscope slide and a confocal microscope (Carl Zeiss, Oberkochen,
Germany) was used for acquiring images (ex. 490 nm, em. 515 nm).
2.9. MiDGAT transcript levels under a nitrogen starvation stress
q-RT-PCR was carried out according to Yu et al. [22]. The comple-
mentary DNA was synthesized using the Reverse Transcribed Kit II
(TaKaRa, Dalian, China).M. incisa actin (GenBank ID: FJ548973) served
as the housekeeping gene. The primers used in q-RT-PCR for both
MiDGATs andβ-actin geneswere shown in Table 1. Theq-RT-PCR ampli-
ﬁcation was performed in the ABI 7500 Real Time PCR system (USA)
with the SYBR®RT-PCR Kit (TaKaRa, Dalian, China) in a ﬁnal 25 μL reac-
tion volume. After heating at 95 °C for 30 s, the q-RT-PCR ampliﬁcation
was programmed for 40 cycles of 5 s at 95 °C, 34 s at 60 °C, and last hold
at 95 °C for 15 s. The relative gene transcription data from triplicate re-
actions performed for each incubation time are expressed as the means
± standard error using the 2−ΔΔCt method [23].
2.10. Statistical analyses
All experiments were determined in biological triplicate to ensure
the reproducibility. Experimental results were obtained as mean value
± SD. Statistical analyses were performed using the SPSS statistical
package (SPSS Inc., Chicago, IL, USA). Paired-samples T test was applied.
The statistical signiﬁcances were achieved when P b 0.05.
3. Results
3.1. Cloning of DGAT genes from M. incisa
Our research group has previously carried out pyrosequencing-based
transcriptome analysis of M. incisa and a total of 754,208 high-quality
reads were obtained. After clustering and assembly, these reads were
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ent study, we ﬁrstly targeted two contigs, namely fu-G624HKO04JT9FD
(378 bp) and fu-G624HKO04JO9X9 (226 bp) through the homology
search and annotation. Each of themwas ampliﬁed in a separate PCR re-
action, and the resulting products were assembled, giving rise to one
DNA fragment of 641 bp. Based on the sequence, RACE was employed
to yield a full length cDNA namedMiDGAT1. Sequence analysis indicated
that the full length ofMiDGAT1 was of 3672 bp, whilst 5′-untranslated
region (UTR) and 3′-UTRwere 266 bp and 1168 bp in length, respective-
ly. The open reading frame (ORF) was 2238 bp in length, encoding a
protein of 745 amino acids with a predicted molecular weight of
83.80 kDa and isoelectric point of 9.74. Its amino acid sequence exhibited
40% similaritywith DGAT1 from Auxenochlorella protothecoides (GenBank
ID: KFM28983.1) and Euphorbia lagascae (GenBank ID: BAN84022.1).
Further analysis by TMpred program suggested that MiDGAT1 had 9
transmembrane domains, located in the region of amino acids 290–308,
334–356, 397–417, 423–445, 518–537, 567–585, 641–664, 684–706
and 718–737, respectively.
Meanwhile, two contigs corresponding to putative DGAT2 genes
were also obtained from the transcriptome database [5,10]. Contig590
was 1997 bp in length and its encoded protein shared high similarity
with DGAT2s from various organisms, e.g. 42% to Chlamydomonas
reinhardtii (GenBank ID: AGO32156.1) and 38% to Mortierella
ramanniana (GenBank ID: Q96UY2.1). Hence this gene was designated
asMiDGAT2A. It had a 44-bp 5′-UTR and an 897-bp 3′-UTRwith a typical
poly-A tail, and according to the analysis of ORF Finder, it contained a
1056-bp ORF which encoded a 351-amino-acid protein with a putative
molecular weight of 39.43 kDa and isoelectric point of 9.46. The other
contig (zheng-GY9GJ1Z02G3EUN) was 309 bp in length and its full-
length cDNA sequence was cloned by RACE. The gene was designated
as MiDGAT2B because it shared 45% similarity with the DGAT2
from Chlorella variabilis (GenBank ID: EFN54313.1) and 43% with the
DGAT2 from Chlamydomonas reinhardtii (GenBank ID: AGO32156.1) in
amino acid sequence.MiDGAT2B cDNAwas 2698 bp long in sequence in-
cluding a 170-bp 5′-UTR and a 1460-bp 3′-UTR with a typical poly-A tail
at the 3′-end. The 1068-bpORF encoded a predicted protein of 355 amino
acids with an estimated molecular weight of 38.91 kDa and isoelectric
point of 9.34. Both MiDGAT2A and MiDGAT2B had two transmembrane
domains: their locations in the former were in the region of amino
acids 35–57 and 62–84, and those in the latter were in 33–55 and 60–82.
Based on the cDNA sequences ofMiDGAT1 andMiDGAT2 genes, their
corresponding DNA sequences were cloned. Comparing cDNA ORF
sequence to genomic sequence identiﬁed 14 introns interrupting the
coding region of MiDGAT1. For MiDGAT2A and MiDGAT2B, they were
both interrupted by 6 introns, and their splice sites conformed to the
GT-AG rule (Fig. 1).
3.2. Characterization of MiDGAT genes from M. incisa
Multiple sequence alignment was conducted to identify the con-
served amino acid residues and sequence motifs. Results (Fig. 2A)Fig. 1. Schematic illustration of the gene structure ofMiDGAT1,MiDGAT2A andMiDGAT2showed that MiDGAT1 contained 7 conserved motifs, namely Motif 1
(GL Block), Motif 2 (KSR Block), Motif 3 (PTR Block), Motif 4 (QP
Block), Motif 5 (LWLFFEFDRFYWWNWWNPPFSHP Block), Motif 6
(FQL Block) and Motif 7 (NGQPY Block). All these motifs have been
found to be the characteristic sequences in most DGAT1s reported so
far [24]. Similar to other DGAT1s, MiDGAT1 had most of its conserved
residues within the carboxyl terminal half, and the ﬁnal conserved res-
idue (Y) in Motif 7 ended within the last 10 residues. Meanwhile,
MiDGAT1 had the sequence YYHD, a putative endoplasmic reticulum
(ER) retrieval motif, suggesting it may be located at the ER (Fig. 2A).
In addition, MiDGAT1 had a pleckstrin homology (PH) domain, which
was located in the region of amino acids 47–153. This domain occurs
in a variety of proteins, playing important roles in intracellular signaling.
However it has been rarely reported in algal DGATs.
For MiDGAT2s, multiple sequence alignment of amino acids indicat-
ed the presence of 7 conserved sequence motifs which were commonly
found inmost DGAT2s, and theywere named asMotif 1 (YFP Block) [7],
Motif 2 (PH Block), Motif 3 (PR Block), Motif 4 (GGE Block), Motif
5(RGFA Block), Motif 6 (VPFG Block) and Motif 7 (G Block) [24]. Both
MiDGAT2A and MiDGAT2B contained HPHG, a highly conserved
quadruple sequence. This is the characteristic motif of DGAT2 family
(Fig. 2B), playing a crucial role for full enzymatic activity [16]. MiDGAT2s
also had a putative ER retrieval motif (LPRRQPL) that was different from
MiDGAT1 (YYHD), and it was located near the carboxyl terminus in the
region of amino acids 285–291. As shown in Fig. 2A and B, there were
two completely conserved amino acid residues among all DGAT1s and
DGAT2s, namely proline and phenylalanine residues. This is consistent
with previous reports, which suggested these two highly conserved resi-
dues maybe located at the active sites of the enzymes and make signiﬁ-
cant contribution to the enzymatic activities [24].
The phylogeney of the DGATs from microalgae as well as from
animals, higher plants and bacteria was reconstructed using the
neighbor-joining method. As shown in Fig. 3, all 41 DGAT protein
sequences were separated into three groups, i.e. membrane-bound
DGAT1 and DGAT2, and cytosolic DGAT3. The predicted M. incisa
DGATs were clustered into the DGAT1 and DGAT2 families with
bootstrap values of 100% and 96%, respectively.
3.3. Functional complementation assays in S. cerevisiae
To verify whetherMiDGAT1 andMiDGAT2s indeed encoded protein
with DGAT activity, a complementation assay was carried out in the
mutant strain H1246 of S. cerevisiae. This quadruple mutant strain has
combined deletion of genes dga1 (DGAT homolog), lro1 (encoding an
enzyme that catalyzes the phospholipid: diacylglycerol acyltransferase
reaction), are1 and are2 (both involved in steryl ester synthesis) [25],
which is devoid of TAG and lacks lipid bodies. In the present work,
ORFs of MiDGAT1, 2A and 2B were introduced into H1246 to generate
transgenic yeasts. Meanwhile, the function of PH domain in MiDGAT1
was also evaluated. PH domain was cut from the ORF ofMiDGAT1, and
the remaining part was sub-cloned into pYES2 to create pY-MiDGAT1-B. Black boxes: extrons; black lines: introns; gray lines: untranslated region (UTR).
Fig. 2. Sequence alignment of DGAT putative proteins. (A): MiDGAT1,Myrmecia incisa DGAT1 (this study); ApDGAT1, Auxenochlorella protothecoides DGAT1(GenBank accession No.:
KFM28983.1); TeDGAT1, Tetraselmis sp. DGAT1(GenBank accession No.: JAC66181.1); NtDAGT1, Nicotiana tabacum DGAT1(GenBank accession No.: AAF19345.1); StDGAT1, Solanum
tuberosum DGAT1(GenBank accession No.: XP_006353543.1); ZmDGAT1, Zea mays DGAT1(GenBank accession No.: NP_001288553.1). (B): MiDGAT2A,Myrmecia incisa DGAT2A (this
study); MiDGAT2B, Myrmecia incisa DGAT2B (this study); CrDGAT2, Chlamydomonas reinhardtii DGAT2B (GenBank accession No.: AGO32156.1); OlDGAT2, Ostreococcus lucimarinus
DGAT2 (GenBank accession No.: XP_001421075); UrDGAT2, Umbelopsis ramannianaDGAT2 (GenBank accession No.: AAK84179.1); ScDGAT2, Saccharomyces cerevisiae DGAT2 (GenBank
accession No.: NP_014888.1). Conserved motifs are under black lines. The completely conserved proline and phenylalanine residues in DGAT1 and DGAT2 are indicated by triangular
arrows. Putative C-terminal ER retrieval motifs are in boxes.
284 C.-X. Chen et al. / Algal Research 12 (2015) 280–288ΔPH. Results of TLC analysis (Fig. 4) indicated that pY-MiDGAT1, 2A and
2B led to prominent spots corresponding to TAG, whereas there was no
TAG formed in the mutant strain carrying the empty vector. These re-
sults clearly indicated the complementation of TAG deﬁcient pheno-
type, supporting that MiDGAT1, 2A and 2B all encoded proteins with
DGAT activities. It is worth noting that upon expression of pY-
MiDGAT1-ΔPH, a weak spot containing much less TAG content was
observed, which suggested the important roles of PH domain for the
TAG-synthesis capacity ofMiDGAT1.
We further evaluated the formation of lipid bodies in yeast cells as
they are the main storage form of TAGs. BODIPY, a lipophilic bright
green-ﬂuorescent dye was used for the staining of lipids, which can be
detected byﬂuorescencemicroscopy. As shown in Fig. 5, the lipid bodies
were observed in the wild type but absent in the mutant strain due tothe lack of essential genes for neutral lipid synthesis. Upon the expres-
sion of pY-MiDGATs (as well as pY-MiDGAT1-ΔPH), the accumulation
of lipid droplets was all clearly visualized. Apparently the ability of
mutant H1246 to form lipid bodies has been restored, which supported
the function ofMiDGAT1 andMiDGAT2s.
3.4. Analysis of substrate preference of MiDGATs
The possible substrate preference of MiDGATs was evaluated by de-
termining the fatty acid composition in S. cerevisiae. According toGC-MS
analysis, two fatty acids, namely palmitic acid (C16:0) and stearic acid
(C18:0) were identiﬁed as the major components of TAGs in yeast
cells, suggesting their predominant roles in the TAG biosynthesis. The
peak area ratios of C16:0/C18:0 were subsequently compared: as
Fig. 3. Phylogenetic tree of DGAT homology from various organisms. The tree was constructed with neighbor-joiningmethod using MEGA 6.0. The brackets after species names indicated
the GenBank ID of the enzymes.
285C.-X. Chen et al. / Algal Research 12 (2015) 280–288shown in Fig. 6, although the ratio of wild type strain was smaller than
that ofMiDGATs-transformed strains, therewas no signiﬁcant difference
observed (P N 0.05). These results suggested that three MiDGATs may
not have varied substrate preference.3.5. Expression level of MiDGATs and TAG accumulation in M. incisa
Based on the results of using the heterologous host system, the
expression pattern of MiDGATs and TAG accumulation within algal
cells were examined. The nitrogen starvation stress was used as an
inducer as it can lead to an enhanced content of TAGs [26,27]. In this
study, M. incisa was grown under nitrogen starvation for a continuous
96 h and then followed by nitrogen replenishment for another 72 h.
q-RT-PCR was employed to estimate the transcript level of MiDGATs.
As shown in Fig. 7, an abrupt increase in the MiDGAT2A transcription
level occurred from 24 to 48 h. Thereafter, the level increased until a
maximum level was observed at 72 h, which was 4.5 times as high as
that at 0 h (P b 0.01). From the onset of nitrogen replenishment, the ex-
pression ofMiDGAT2A signiﬁcantly decreased and kept at a low level by
the end of this experiment. On the other hand,MiDGAT1 andMiDGAT2B
did not exhibit the same trend. Theywere expressed atmoderate levels,
which remained relatively constant over the course of experiments.
Both of their maximum values appeared at 168 h.Fig. 8 illustrated the TAG contents inM. incisa during the shift from
nitrogen starvation to replenishment conditions. The duration was
12 days in total (equivalent to 288 h), longer than the q-RT-PCR exper-
iment. It is because the TAG accumulation could be postponed, which
may occur later than the gene expression. Results showed that the
amount of TAGs dramatically increased during the nitrogen starvation,
i.e. 0–96 h. The maximum value appeared at 96 h, which was 2.1
times as high as that at 0 h (P b 0.05). From the onset of nitrogen replen-
ishment, the TAG amounts gradually decreased. Obviously this trend
was consistent with the gene expression pattern of MiDGAT2A. Taken
together, these results indicated the increased expression ofMiDGAT2A
following nitrogen starvation that induced TAG accumulation,
supporting its contributions in the synthesis of increased TAGs under
the condition of nitrogen deﬁciency.
4. Discussion
The ﬁrst DGAT1 gene was described in the mouse in 1998 [28], and a
few years later DGAT2 was identiﬁed from the oleaginous fungus
Mortierella ramanniana [29]. Although both of them are known as the
primary enzymes for de novo TAGbiosynthesis, they share no similarities
in amino acid sequence and differ in their biochemical, cellular and phys-
iological functions [30]. In contrast to DGAT1 that is structurally related
to sterol: acyl-CoA acyltransferase, DGAT2 has more homology with
Fig. 4. Lipid analysis of Saccharomyces cerevisiae expressing MiDGATs by TLC. Lane 1:
H1246 mutant transformed with pY-MiDGAT1-ΔPH; lane 2: Triolein standard purchased
from Nu Chek Prep, Inc. (UK); lane 3: H1246 transformed with pY-MiDGAT1; lane 4:
H1246 transformedwith pY-MiDGAT2A; lane 5: H1246 transformedwith pY-MiDGAT2B;
lane 6: SCY62 (wild-type); lane 7: H1246mutant; lane 8: H1246 transformedwith empty
pYES2.
Fig. 6. Substrate preference analysis ofMiDGAT1,MiDGAT2AandMiDGAT2B. Palmitic acid
and stearic acid were found to be the major components of TAGs in yeast cells. Each bar
represents the mean ± SD for triplicate experiments.
286 C.-X. Chen et al. / Algal Research 12 (2015) 280–288monoacylglycerolacyl transferases (MGATs) and acyl-CoA wax-alcohol
acyltransferases. According to the phylogenetic tree shown in Fig. 3,
MiDGAT1 and 2 are clearly separated into two distinct families, indicat-
ing the convergent evolution between them.
So far, both DGAT1 and 2 have been found in various living organ-
isms [6,24], but there are very few studies on DGATs in microalgaeFig. 5. Fluorescent staining of yeast cells with BODIPY. Lipid bodieswhere neutral lipids accumu
was used as positive control; the mutant H1246 and the mutant harboring the empty vector
MiDGAT2B or MiDGAT1-ΔPH was analyzed. All bars represent the length of 5 μm.in spite of the availability of increasing full genomic sequences of
microalgae. For example, PtDGAT1 from the diatom Phaeodactylum
tricornutum is the only algal DGAT1 that has been biochemically charac-
terized [27]. In Chlamydomonas reinhardtii, a gene for a DGAT1-type en-
zyme was identiﬁed after transcript-based correction of gene models
[31]. In this study, three putative DGAT genes, including one MiDGAT1
and twoMiDGAT2s, from the green algaM. incisa were reported for the
ﬁrst time. In general, algae have multiple DGAT2 homologous genes,late were visualized in the yeast cells with BODIPY ﬂuorescence. Thewild type strain Scy62
(pYES2) were used as negative controls. The mutant expressing MiDGAT1, MiDGAT2A,
Fig. 7. Transcription of MiDGATs in M. incisa during shift from nitrogen starvation to
replenishment conditions. 0–96 h: nitrogen starvation; 96–168 h: nitrogen replenishment.
287C.-X. Chen et al. / Algal Research 12 (2015) 280–288which is contrary to most living organisms that contain only a single
DGAT2 gene. For example, C. reinhardtii has 5 type-2 DGATs, namely
DGAT2A-E (or DGTT1-5) [32]. It could be resulted from the lineage-
speciﬁc duplication events [33]. Also, those algae-derived DGAT2s
may be very divergent from each other, even among isoforms within
the same species [7]. Prediction results showed that MiDGAT1 had 9
transmembrane domains, whereas MiDGAT2A and 2B had two. This is
in line with previous observation that DGAT1s are bigger proteins
with more transmembrane domains than DGAT2s [24]. Besides, an ER
retrieval motif was also found in both MiDGAT1 and MiDGAT2s. These
structural features supported the role of MiDGATs as integral mem-
brane proteins localized to the ER [7,16].
It is worth noting that MiDGAT1 had a special region, namely PH
domain located in the region of amino acids 47–153. PH domain is a
small protein module consisting of 100–200 amino acids, which is
commonly found in a variety of proteins involved in cell signaling and
cytoskeletal rearrangement [34], however they have been rarelyFig. 8. Themolar ration of TAG inM. incisa during shift from nitrogen starvation to replen-
ishment conditions. 0–4 days: nitrogen starvation; 4–12 days: nitrogen replenishment.reported in algae. Results (Fig. 4) showed that the mount of TAGs pro-
duced by the yeast H1246 carrying pY-MiDGAT1-ΔPH was signiﬁcantly
reduced, suggesting the important roles of PH domain for MiDGAT1. An
important feature of PH domain is that it bindswith high afﬁnity to pro-
teins or phosphoinositides on the membrane to respond to lipid mes-
sengers [35], and according to this characteristic, we speculate that PH
domain may promote the binding of MiDGAT1 to membranes. As a re-
sult, DGAT1 could bind to membranes via PH domain which functions
as an anchor to fully exert the enzymatic activity.
ForMiDGAT2s,multiple sequence alignment of amino acids indicated
that both MiDGAT2A and 2B contained a conserved HPHGmotif, which
is a characteristic sequence found in DGAT2 members as well as other
closely related families [7]. Stone et al. [16] created a triple mutation of
‘HPH’ to ‘AGA’ in murine DGAT2 and observed an 80% reduction in cata-
lytic activity, indicating the crucial roles of HPHG for the full enzymatic
function. Previous studies also suggested this conserved motif may
have variations among algal DGAT2s or even between the same species.
For example, among ﬁve putative DGAT2s in C. reinhardtii, only one had
the conserved ‘HPHG’ sequence (DGAT2A had CPHSA; DGAT2B had
HPHG; DGATC, D, E had XPHG) [7].
Based on the results of using the heterologous host system, we fur-
ther analyzed the expression patterns of MiDGATs. Nitrogen starvation
stress was used as an inducer, because TAG synthesis in microalgae is
highly dependent on the varying environmental conditions. Of the
threeMiDGAT genes,MiDGAT2Awas the only one responsive to nitrogen
deﬁciency, whilst MiDGAT1 and MiDGAT2B were not signiﬁcantly
affected. Furthermore, the up- and down-regulation ofMiDGAT2Awas
consistent with the TAG accumulation within algal cells. These results
suggested that among threeMiDGAT genes, the regulation ofMiDGAT2A
alone might be sufﬁcient to induce TAG accumulation under the
nitrogen starvation stress. Similar studies were carried out using other
algae: in C. reinhardtii, both CrDGAT1 and CrDGAT2B (DGTT1) were
found to contribute to the TAG synthesis in response to nitrogen deﬁ-
ciency, whilst other members of CrDGAT2, i.e. DGTT 2-5 were not in-
volved or detected [26,30–31]. In P. tricornutum, PtDGAT1 was highly
responsive to nitrogen deprivation, whereas all PtDGAT2s did not get
regulated [27]. These results indicated that the expression patterns of
DGATs in microalgae were species-dependent.
Considering the divergence of multiple DGAT isoforms, we exam-
ined whether MiDGAT1 and MiDGAT2s utilized different fatty acids as
the substrate to synthesize TAGs. GC-MS analysis indicated that C16:0
and C18:0 were the major components of TAGs in yeast cells, and all
three MiDGATs displayed the same preference towards these fatty
acids. This is different from some previous reports: in P. tricornutum,
PtDGAT1 tended to incorporate saturated 16:0 and C18:0 fatty acids
into TAG, whereas PtDGAT2 had a preference for unsaturated fatty
acids [27,33]. InOstreococcus tauri, a gene encoding OtDGAT2was iden-
tiﬁed and the enzyme exhibited broad substrate speciﬁcity [36]. In
C. reinhardtii, CrDGAT2E (DGTT2) tended to incorporate varying acyl-
CoA species into TAGs, probably preferring very-long-chain acyl groups.
Meanwhile, CrDGAT2D (DGTT3) and 2A (DGTT4) preferred C16:0 and
C18:1, respectively. CrDGAT2E (DGTT5) did not exhibit substrate spec-
iﬁcity, implying it could be a nonactive pseudogene [37]. Such distinct
synthesis patterns suggested that different algae may have developed
their own strategies. InM. incisa, DGAT1 and 2 families seem to function
in the same cellular compartments, leading to the accumulation of
similar TAG species. More detailed study will be carried out in future
to verify this result, e.g. the examination of fatty acid proﬁles in TAGs
and algal cells, and fatty acid feeding experiments.
In conclusion, this is the ﬁrst report describing DGATs in the
microalga M. incisa. The identiﬁcation and functional analysis of
oneMiDGAT1 and twoMiDGAT2s may contribute to developing a basis
for enhancing cellular TAG contents through genetic engineering. In fu-
ture, based on the transcriptome database of M. incisa, more MiDGATs
may be continually identiﬁed, whose roles in TAG synthesis await
discovery.
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